There is growing evidence that human locomotion is controlled by flexibly combining a set of 35 basic muscle activity patterns. To explore how these patterns are modified to cope with 36 environmental constraints, ten healthy young adults first walked on a split-belt treadmill at 37 symmetric speeds of 4 and 6 km/h for 2 min. An asymmetric condition was then performed for 38 10 min. in which treadmill speeds for the dominant (fast) and non-dominant (slow) sides were 6 39 and 4 km/h respectively. This was immediately followed by a symmetric speed condition of 4 40 km/h for 5 min. Gait kinematics and ground reaction forces were recorded. Electromyography 41 (EMG) was collected from 12 lower limb muscles on each side of the body. Non-negative matrix 42 factorization was applied to the EMG signals bilaterally and unilaterally to obtain basic activation 43 patterns. A cross-correlation analysis was then used to quantify temporal changes in the 44 activation patterns. During the early (first 10 strides) and late (final 10 strides) phases of the 45 asymmetric condition, the patterns related to ankle plantar flexor (push-off) of the fast limb and 46 quadriceps muscle (contralateral heel contact) of the slow limb occurred earlier in the gait cycle 47 when compared to the symmetric conditions. Moreover, a bilateral temporal alignment of basic 48 patterns between limbs was still maintained in the split-belt condition, since a similar shift was 49 observed in the unilateral patterns. The results suggest that the temporal structure of these 50 locomotor patterns is shaped by sensory feedback and that the patterns are bilaterally linked. 51 52
Introduction 54
Locomotor behaviors involve the activation of many muscles. There is a large body of 55 work that suggests animal locomotion is controlled by spinal central pattern generators (CPGs) 56 (Grillner 1979; Kiehn 2006 ). It has also been proposed that the mammalian CPG has two layers: 57 a rhythm-generating layer distinct from a pattern-generating layer (Patla 1985; McCrea and 58 Rybak 2008) . Such organization provides flexibility and the ability to adapt gait patterns to 59 environmental demands. However, definitive evidence does not currently exist linking the results 60 from animal studies to human locomotion. Although quasi-automatic adaptive changes occur 61 frequently in our daily lives, we do not have a complete understanding as to how the central 62 nervous system (CNS) accomplishes these tasks. Despite an involvement of numerous 63 muscles, evidence in the literature also suggests that human locomotion may be controlled by 64
flexibly combining a small set of muscle activity patterns (Lacquaniti et al. 2012 ). In particular, 65 an essential feature of the controller is a tight bilateral coordination of the lower limbs and their 66 muscle activations (Olree and Vaughan 1995; Ivanenko et al. 2006) . 67
Various techniques have been utilized to quantify the motor output that arises from this 68 There is a debate as to whether the two lower limbs are controlled together or 76 independently by neural networks. Evidence in infants (Yang et al. 2005 ) and paradigms that 77 examine transfer of learning between limbs (Choi and Bastian 2007) have suggested 78 independent neural control for right and left lower limbs. On the other hand, anatomical and 79 electrophysiological studies have identified commissural inter-neurons that may be involved in 80 coordinating locomotion between the two sides in the spinal cord of animal models (Butt and 81 Kiehn 2003) . Also, past work using factor analysis on muscle activity recordings has identified 82 bilateral common factors, which are aligned with a half gait cycle shift, therefore coordinating 83 right and left sides (Olree and Vaughan 1995; Ivanenko et al. 2006) . One way to address the 84 issue of coordination between the lower limbs is to elicit asymmetric walking, such as on a split-85 belt treadmill. 86
The use of a split-belt treadmill provides a novel environment in which limb coordination 87 must be adjusted in order to maintain stability and forward progression. Adaptations to split-belt 88 locomotion were initially studied in cats (Forssberg et al. 1980; Halbertsma 1983) and 89 subsequently in healthy human subjects (Dietz et al. 1994 In these studies, there is an adjustment of limb kinematic timing such that a decrease 93 of stance time and an increase of swing time in the faster moving limb occurs in conjunction with 94 an increase of stance time and a decrease in swing time in the slower moving limb. The result 95 from these adjustments is a maintenance of the 1:1 stepping relationship between limbs. During 96 a bout of split-belt walking, there is a fine-tuning of interlimb coordination throughout, and 97 aftereffects are seen post-adaptation (Reisman et al. 2005 ). This fine tuning of inter-limb 98 coordination is accompanied by a reduction in muscle activity which may be related to 99 increasing the economy of energy expenditure throughout adaptation (Finley et al. 2013) . It is 100 thought that these kinematic changes are related in part to proprioceptive information from the 101 lower limb (including position, velocity and loading) which influences the motor output (Dietz et 102 al. 1994; Prokop et al. 1995) . If the resulting motor output is related to a combination of basic 103 activity patterns, how do these patterns respond to the above mentioned proprioceptive 104 feedback and additional supraspinal influences associated with walking on a split-belt treadmill? 105   4   The present study utilized a split-belt paradigm to determine what temporal changes, if  106 any, occur to locomotor activity patterns. One possibility (hypothesis #1) is that these changes 107 are correlated bilaterally (Olree and Vaughan 1995; Ivanenko et al. 2006 ), perhaps also due to 108 the strong commissural interneuron linkages between the left and right sides (Butt and Kiehn, 109 2003) , so that similar temporal changes in activity patterns may be expected between the two 110 sides. It is also worth stressing that, despite an asymmetric kinematic behavior, a 1:1 111 relationship between limbs remains in a split-belt condition, so that the cycle durations are the 112 same for the right and left legs. This may facilitate temporal synchronization of basic activation 113 patterns on the two sides of the body. Alternatively (hypothesis #2), because it has been 114 suggested that each limb can be controlled independently (Yang et al. 2005 Participants walked on a split-belt treadmill (Forcelink, Culemborg, The Netherlands) for a series 131 of speed conditions. Initially, tied-belt conditions (both belts moving at the same speed for 2 132 min.) were performed at 4 or 6 km/h, these speeds being randomly assorted between trials ( Fig.  133   1A) . Following the baseline condition, a split-belt condition was performed for 10 min. whereby 134 the treadmill belt speed was 6 km/h for the dominant limb and 4 km/h for the non-dominant limb 135 Force plate data were used to determine the times of heel contact (when the force in the 173 vertical direction exceeded 15 N) and toe lift-off (when the force in the vertical direction 174 decreased below 15 N). For all analysis and figures, the gait cycle begins with heel contact of 175 the fast moving limb. From these data, individual stride and swing times were calculated. The 176 kinematic data were used to calculate limb excursion in each limb (the horizontal distance 177 travelled by the heel marker from initial contact to lift-off) and from this data, limb excursion 178 difference was calculated as the limb excursion of the fast limb subtracted from the slow limb 179 (using the terminology suggested in Hoogkamer et al, 2013). To quantify EMG amplitude 180 throughout the stride, muscle activation patterns were integrated over a stride cycle (iEMG) for 181 all muscles recorded. Prior to integration, each muscle was normalized in amplitude to the 182 maximum amplitude over all conditions. The iEMG ratios for each muscle were calculated for 183 the split-belt and post asymmetry conditions by dividing the late iEMG by the early iEMG as 184 shown in Finley et al. (2013) . A ratio of less than 1 would indicate the iEMG decreased from the 185 early to late stages of the condition. Prior to NNMF, individual EMG recordings for each muscle were averaged over the 10 201 strides for the window being analyzed, and were subsequently normalized in magnitude. This 202 normalization consisted of dividing each data-point for a specific muscle by the maximum 203 amplitude of that muscle over all averaged windows. This procedure was performed for each 204 participant individually. If an EMG signal appeared to contain artifacts, this muscle was deleted 205 for the particular stride (this occurred very infrequently). To determine the appropriate number of 206 activity patterns from the analysis, NNMF was applied using 1-8 patterns (C in Eq. 1), and the 207 percent of variance (PoV) accounted for by these patterns was determined and ordered for 208 8 illustration purposes with respect to pattern peak timing. The results were then averaged over 209 the 10 participants for each individual condition, and if the addition of a pattern did not explain 210 more than 7% of the variance, the remaining ones were not taken into account. This cutoff value 211 generally corresponded with the sharp change in slope seen in the PoV plots that has been 212 used previously to determine the number of patterns to be retained greater in the fast limb for the early (p < 0.001) and late (p < 0.001) split-belt conditions. 260
In addition, limb excursion difference (an inter-limb variable) showed changes throughout 261 the split-belt conditions. A main effect was shown across belt speed conditions (F (5,40) = 21.01, p 262 < 0.001) and further analysis suggested that the limb excursion difference was greater in the 263 early split-belt condition when compared to all other belt conditions (p < 0.01) and this difference 264 was lower in the early post-asymmetry condition compared to the tied belt conditions (p < 0.05). 265
In sum, these kinematic variables displayed similar patterns to those seen in previous in each individual). The labels of these patterns used in the following description are with 281 reference to the location of the pattern peak with reference to fast limb contact (for example, the 282 pattern containing the first peak that occurs after fast limb contact is called 'pattern 1'). 283
Examination of the pattern loadings shows which muscles are related to each of the patterns. respectively. In each of these limbs, the shapes of three of these patterns were relatively similar 297 across participants (as seen in the bilateral analysis), while the fourth pattern was somewhat 298 less consistent. Only the three consistent patterns were retained for statistical analysis. The 299 loadings of these patterns were similar between limbs with one pattern being related to hip (GM) 300 and knee (RF, VL, VM) extensor muscles, a second related to ankle plantar flexors (LG, MG, 301 SOL) and a third one to knee flexor/hip extensor (BF, ST) activity. In the fast limb, a change in 302 the temporal position ( Fig. 7A) only occurred in the second pattern (F (4,32) = 22.36, p < 0.001). 303
Post-hoc analysis suggested that the peak of this pattern occurred earlier in the early (p < 304 0.001) and late (p < 0.001) split-belt treadmill condition when compared to all tied-belt 305 conditions. Moreover, the slow limb showed a significant main effect for the second (F (4,32) = 306 12.07, p < 0.001) and third (F (4,32) = 4.50, p < 0.005) patterns. Further analysis showed that the 307 second pattern occurred earlier in the early split-belt compared to the 6 km/h tied-belt condition 308 (p < 0.005). Also, this second pattern occurred earlier in the late split-belt condition compared to 309 all tied conditions (p < 0.005). Post-hoc analysis suggested that the third pattern occurred 310 earlier in the early split-belt condition compared to all tied-belt conditions (p < 0.05).
12
To explore the kinematic events with which these temporal shifts were associated, the 312 toe-off time of the fast limb and the contact time of the slow limb with respect to the fast gait 313 cycle were examined (Fig. 7B ). We found significant changes in fast limb toe-off (F (4,32) = 36.68, 314 p < 0.001); further analysis showed that toe-off occurred before in the early (p < 0.001) and late 315 (p < 0.001) split-belt conditions as compared to all tied belt conditions. In addition, toe-off 316 occurred before in the 6 km/h tied condition when compared to early (p < 0.05) and late (p < 317 0.05) post asymmetry. A main effect was shown for the slow limb contact (F (4,32) = 44.04, p < 318 0.001) and similar to pattern timings, this contact time occurred earlier in the gait cycle for the 319 early (p < 0.001) and late (p < 0.001) split-belt when compared to the tied-belt conditions. 320
Moreover, the slow limb contact occurred before in the early post condition compared to the tied 321 6 km/h condition (p < 0.05). 2005). The novel aspect of the current study is the analysis of multi-muscle EMG patterns 330 during split-belt treadmill locomotion and the application of NNMF to show the adjustments of 331 the temporal structure of the activation patterns. The adjustments included the maintenance of 332 some patterns (e.g., patterns 1&4, Fig 7A left panel) , and a temporal shift to an earlier time in 333 the gait cycle in the others (patterns 2&3, Fig 7A left panel) . Despite these temporal shifts, a 334 bilateral alignment between limbs was still present since a similar shift occurred in the unilateral 335 patterns (Fig. 7A) , consistent with hypothesis #1 on parallel changes in basic activation patterns 336 between the two sides. Below we discuss the related kinematic and EMG modifications 337 investigated in this study. present study examined four such patterns in each condition, although only the temporal 382 structures of three of these patterns were consistent between participants in the unilateral 383 analyses. The fact that people retain these basic patterns during asymmetric locomotion ( Fig. 4-384 6) illustrates their general robustness when adapting to environmental constraints. 385
The results reported here show a shift to an earlier time in the gait cycle for a select 386 number of these patterns. Both bilateral and unilateral EMG analyses showed similar results, 387 summarized in Fig. 7 . In the bilateral analysis, the patterns associated with fast limb ankle 388 plantar flexion/slow limb hamstring activity (pattern 2 in Fig. 4B ) and slow limb quadriceps 389 activity (pattern 3 in Fig. 4B ) occurred earlier during the split-belt condition. These temporal 390 shifts were confirmed in the unilateral analyses (fast limb plantar flexor, slow limb hamstring and 391 quadriceps). Examination of fast toe-off and slow limb heel contact (Fig. 7B ) may suggest that 392 these shifts are related to the asymmetric walking style generated by the split-belt treadmill. It has long been argued that locomotion is controlled by spinal CPGs (Grillner, 1979) . 403
Although the existence of CPG in humans is still debated, the basic locomotor patterns 404 extracted from EMG data may be considered representative of hypothetical CPG output 405 (Ivanenko et al. 2003; 2004 , 2006 Dominici et al. 2011 ). The current results show a temporal 406 modulation of the basic patterns when walking on a split-belt treadmill and the mechanism for 407 this is most likely related to proprioceptive feedback associated with these asymmetric 408 conditions. As remarked above, past work has shown the importance of limb position, velocity 409 and loading when adapting locomotor patterns on a split-belt treadmill, and this afferent 410 information is thought to influence CPG output (Dietz et al. 1994; Prokop et al. 1995; Jensen et 411 al. 1998 ). Furthermore, Frigon et al. (2013) have shown that bilateral kinematic phase variations 412 of rat hind limbs are preserved following spinal cord transection, suggesting that this temporal 413 organization between sides is located within the spinal cord, at least in this animal species. 414 Here, we present a possible mechanism for hypothetical CPG modulation when walking on a 415 split-belt treadmill (Fig. 7C ). As stated, limb specific proprioceptive input and supraspinal signals 416 provide information to hypothetical limb-specific CPGs regarding the motion of the separate 417 treadmill belts during asymmetric locomotion. These individual CPGs could then modulate the 418 timings of basic locomotor patterns to generate a stable walking style in the altered 419 environment. Such temporal output has been suggested to be a priority during locomotor 420 adaptations (Malone et al. 2012) . Moreover, the importance of bilateral communication between 421 these limb-specific CPGs is illustrated here since the patterns related to fast limb plantar flexor 422 activity and slow limb hamstring activity maintain their simultaneous bursts in all the conditions 423 examined in our study. This may be a possible mechanism of the underlying locomotor control 424 studied here, but it should be remarked that this remains speculative given the lack of direct 425 neurophysiological evidence for the existence and organization of CPG in humans. 426
It should be noted that our analysis of basic muscle patterns was not sensitive enough to 427 detect any statistical differences between early/late split-belt and post-asymmetry conditions, 428 differences which are instead detectable from kinematic variables (Reisman et al. 2005) . A fine 429 tuning of the neural control when adapting the locomotor patterns may be masked due to the 430 small size of the effects (temporal shifts ∼3-4% of gait cycle, Fig 7A) , or be present in the 431 residual 10-15% of the variance that was not explained by the patterns extracted by NNMF that 432
we retained for further quantitative analyses. 433
In conclusion, we argued that proprioceptive information from the lower limbs modulates 434 motor output with a tight bilateral organization during split-belt locomotion. This mechanism 435 could potentially allow for bilateral locomotor adaptations in various environmental conditions 436 during both normal and pathological gait, but future work is necessary to explore these 437 moving lower limb are included. Temporal patterns are ordered with reference to dominant peak 592 location, although pattern 3 was relatively inconsistent between participants and the general 593 pattern of this temporal pattern was used for ordering. This figure shows the slight temporal shift 594 of pattern 2 in the split-belt conditions. As well, the loadings for the split belt conditions appear 595
to be similar to that seen in the 6 km/h tied condition. GM  TFL  ADD  BF  ST  RF  VL  VM  MG  LG  SOL  TA  GM  TFL  ADD  BF  ST  RF  VL  VM  MG LG SOL TA 
